Purpose: The objective of the study was to prospectively investigate the characteristics of gait among patients before and soon after curved periacetabular osteotomy (CPO) in comparison with healthy subjects. Subjects and methods: The subjects were six patients who underwent CPO and six healthy adults. Gait analysis was performed before surgery and at an average of 7.3 months after surgery using a three-dimensional motion analysis system. Temporospatial factors (gait velocity and stride length) and kinematic factors (range of motion of the hip joint in the sagittal plane, and ranges of tilting movement of the trunk and of the pelvic region in the coronal plane) were evaluated. Results: Gait velocity increased after surgery, but it was significantly lower than that of the healthy group (P,0.05). Stride length significantly increased after surgery compared to before surgery (P,0.05), though the significant difference seen before surgery disappeared. The full range of motion of the hip joint in the sagittal plane during walking increased after surgery, though the significant difference evident between the two groups before surgery also disappeared. The range of tilting movement of the trunk during walking increased after surgery, with a significant difference emerging when compared to the healthy group, which was not observed before surgery (P,0.05).
Introduction
Developmental dysplasia of the hip (DDH) is responsible for 80% of cases of secondary osteoarthritis of the hip in Japan. [1] [2] [3] In DDH, lateralization of the center of the hip joint occurs due to insufficient coverage of the femoral head by the acetabulum, a reduction of the weight-bearing area of the acetabulum, and an increase in the hip joint contact pressure, which induces degenerative changes in cartilage in the early phase. [4] [5] [6] [7] [8] This harmful mechanical condition results in dysfunction, such as coxalgia and claudication, which then progresses to secondary osteoarthritis of the hip. 
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nishimura et al acetabular (AC) surface; it also has clinical aims of pain relief and functional improvement of the hip joint, prevention of progression to osteoarthritis of the hip, and delaying or avoiding the need for total hip arthroplasty (THA). 6, [15] [16] [17] [18] [19] [20] [21] Favorable outcomes of PAO have been reported, 16, [22] [23] [24] [25] but there is also a high incidence of complications, including sympathetic dystrophy due to extensive exposure of the surgical field during surgery, motor paralysis, delayed union in the iliac region, hemorrhage, and ectopic ossification. 21, [25] [26] [27] In 2005, Naito et al 28 reported curved PAO (CPO) as a new surgical method for DDH. CPO has subsequently been found to yield favorable results in radiographic and clinical functional evaluations. 28, 29 Gait disorders represented by Trendelenburg claudication and Duchenne claudication are physical dysfunctions common to many patients with hip joint diseases, including DDH. 30, 31 Following surgery, patients have a strong desire for functional improvement of gait disorders, such as claudication, and pain relief in the hip joint. Gait analysis is widely performed in patients with hip joint diseases to evaluate walking function quantitatively before and after surgery, [32] [33] [34] [35] [36] but it is mostly performed in THA cases. Only a few gait analyses of patients treated with AC osteotomy have examined treatment with PAO and rotational AC osteotomy (RAO). 34, 37, 38 RAO was described before CPO 39 and was originally thought to be advantageous because the contact area of the osteotomy region is widened to improve its fit by adding a curve to the osteotomized surface of the AC roof. However, the surgical approach is invasive to the abductors of the hip joint, as represented by the gluteus medius muscle, because PAO uses an approach from the lateral side of the osteotomy region in RAO compared to that in CPO. In CPO, the procedure of osteotomy of the AC roof is similar to that in RAO, but it is less invasive to the abductors because an approach from the medial side of the osteotomy region is used. Therefore, it is hypothesized that improvement of preoperative reduced gait ability will be observed in gait analysis soon after CPO.
There have been no reports on gait function after surgery in patients treated with CPO, and the recovery process for temporospatial factors, such as postoperative gait velocity and stride length, and kinematic factors, such as ranges of motion of the hip and trunk tilting movement representing trunk sway during walking, has not been clarified. Therefore, the objective of this study was to prospectively investigate gait in CPO-treated patients before and soon after surgery in comparison with healthy subjects.
Subjects and methods
The subjects were patients who were diagnosed with DDH at the Orthopaedic Department of Kitasato University East Hospital (Kanagawa, Japan) between 2010 and 2012, and who underwent CPO. The study content was explained orally using documents that were given to all patients scheduled for surgery within this period, and six female patients who gave consent were registered as a surgical group. Six healthy adult volunteers with body compositions that matched those of the surgical group were included in the study as a control group ( Table 1 ). The exclusion criteria were a history of surgery for disorders of the musculoskeletal system, rheumatoid arthritis, osteoarthritis, deformation of the lower limb joints including the hip joint, and diseases involving neuromuscular disorders. Preoperative evaluation was performed on the day before surgery, and postoperative evaluation was performed at an average of 7.3 months after surgery (range: 6.3-9.3 months).
items in radiographic and clinical functional evaluations
In the radiographic evaluation, the central-edge angle, sharp angle, AC angle, and AC Head Index were used as indices of the degree of femoral head coverage by the acetabula. In the clinical evaluation, the hip joint function judgment criteria established by the Japanese Orthopaedic Association (JOA) Hip Score and a Visual Analog Scale (VAS) for pain due to coxalgia were used. The JOA Hip Score is widely used in Japan for the evaluation of hip joint disease and includes the following four items: pain (40 points); range of motion (ROM) of the joint (20 points); gait ability (20 points); and activities of daily living (ADL) (20 points). 40 
gait analysis
In gait analysis, to measure the ranges of motions of the trunk, pelvic region, and femoral region during walking, a pectoral girdle, pelvic belt, and supporters were attached to the trunk, pelvic region, and thighs, respectively. Three 
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gait analysis after cPO on acetabular dysplasia reflex markers were affixed to each attachment site (12 markers in total), and the rigid body was defined based on the markers attached to the trunk, pelvic region, and thighs. The rigid body was defined, and marker sites were chosen with reference to previously reported similar methods: the trunk was defined based on the markers affixed to the medial ends of the bilateral scapular spines and spinal spinous process on the line connecting the inferior angles of the bilateral scapulae; the pelvic region was defined based on the markers affixed to the bilateral superior posterior iliac spines and coccygeal region; and the femoral region was defined based on the markers affixed to the inferior portion of the ischial tuberosity, inferior portion of the greater trochanter, and central region of the posterior surface of the thigh. 41, 42 The subjects walked on a 6 m gait path at a free speed. Using an OptiTrack TM Motion Capture system (NaturalPoint Inc., Corvallis, OR, USA), the reflex markers were traced during walking and converted to three-dimensional coordinates using six infrared cameras. Joint angles were calculated from the coordinate data using MATLAB ® 7.0.1 (The MathWorks, Inc., Natick, MA, USA). From these data, the gait velocity and stride length were evaluated as temporospatial factors, and the ROM of the hip joint in the sagittal plane, and the ranges of tilting movement of the trunk and pelvis in the coronal plane, were evaluated as kinematic factors.
statistical analysis
Statistical analysis was performed using SPSS 16.0J. Comparisons between the pre-or postoperative surgical group and the healthy group were performed by unpaired t-test. For comparison of the surgical group before and after surgery, a paired t-test was used. The significance level was set at P,0.05. This study was performed after approval by the Ethics Committee C of Kitasato University School of Medicine and Hospital (C-Rin 09-535).
Results

Radiographic and clinical functional evaluations
Pre-and postoperative data from the radiographic and clinical functional evaluations are shown in Table 2 . All radiographic evaluation items were significantly improved after surgery, and VAS similarly improved significantly after surgery. The total JOA Hip Score and scores for pain and ADL were also significantly improved, but there was no significant improvement in scores for the ROM of the hip or for gait function.
gait analysis
Gait velocity increased after surgery in the surgical group, but it was still significantly lower than that in the healthy group ( Figure 1 ). The preoperative stride length was significantly shorter in the surgical group compared to the healthy group, but it was significantly increased after surgery; following surgery, the difference in stride length between groups became nonsignificant ( Figure 1) .
The ROM of the hip joint in maximum extension in the sagittal plane during walking was significantly smaller in the surgical group than in the healthy group on the operated and nonoperated sides before surgery, and the difference on the operated side remained after surgery (Figure 2 ). The ROM of the hip joint in the sagittal plane during walking was also significantly smaller in the surgical group than in the healthy group on both sides before surgery, but this increased after surgery and differences observed between groups became nonsignificant on both sides (Figure 2 ).
The range of tilting movement of the trunk during walking increased after surgery and became significantly greater than that in the healthy group (Figure 3 ). The range of tilting movement of the pelvic region also increased after surgery, but it was significantly smaller than that in the healthy group before and after surgery (Figure 3 ).
Discussion
The characteristics of gait of the CPO-treated patients were evaluated before and after surgery and were compared with those of healthy subjects. The postoperative evaluation was performed at an average of 7.3 months after surgery, which is relatively early for gait evaluation after osteotomy. After CPO, the stride length, gait velocity, and ROM of the hip Similar to a previous report on the surgical effect of CPO, favorable findings were noted for radiographic factors and clinical function. 28 These findings suggest that surgery was performed as planned in all patients, and that AC reconstruction increased coverage of the femoral head by the acetabulum, which dispersed contact pressure on the hip joint surface through leveling of the weight-bearing AC surface. In addition, dispersion of contact pressure on the hip joint surface led to the reduction of coxalgia during weight bearing and pain during walking, and ADL function was improved when compared to before surgery. In contrast, JOA Hip Scores showed no significant improvement in the ROM of the joint or in gait function. Evaluation of gait function using the JOA Hip Score is not a kinetic evaluation, but it evaluates one's ability to walk, to use a cane during walking, claudication, and the ability to walk a long distance. 40 A good score requires the ability to walk for long distances and the absence of claudication. Thus, gait function based on the evaluation of clinical function is still in the recovery stage at about 7.3 months after surgery.
Patients with hip dysplasia have reduced gait velocity and step length, and an increase in the ratio of the stance phase on the healthy side. 32, 33 In patients treated with PAO for hip dysplasia, Karam et al 34 found that stride length and gait velocity increased at an average 11.5 months after surgery, compared to those observed before surgery. The findings in the current study were similar to these results. Since our evaluation was performed at an average of 7.3 months after surgery, this comparison suggests that gait velocity and stride length improve earlier in CPO-treated patients, which may 
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gait analysis after cPO on acetabular dysplasia be due to alleviation of coxalgia by dispersion of contact pressure by AC reconstruction and the improvement of ROM by an increase in coverage by the acetabula. However, gait velocity was still significantly slower than that of healthy subjects, despite the increase after surgery. Before surgery, the ROM of the hip joint in the sagittal plane during walking was significantly smaller on the operated (35.9°) and nonoperated (37.3°) sides compared to that in the healthy group (46.4°). After surgery, the ROM increased on both sides (39.1° [operated] and 45.0° [nonoperated]), and the difference from the healthy group was not significant. Murray et al 35 suggested that the reduced ROM of hip joint extension during walking in patients with coxalgia may result from pain-avoiding movements, thus reducing the load on the hip joint. Endo et al 38 found an increase in the ROM of hip joint extension after surgery in the gait analysis of RAOtreated patients in whom the affected side had a reduced ROM before surgery compared to that in a healthy group. The preoperative ROM of hip joint extension on the operated side (11.8°) was also significantly smaller than that in the healthy group (20.6°) in our study, but no increase was obtained after surgery (12.0°), despite favorable pain relief after surgery. The ROM of the hip in the sagittal plane on the nonoperated side was decreased before surgery. This may have been due to severe coxalgia on the operated side before surgery and fear of aggravation of this pain. The postoperative results for clinical function suggested that preoperative anxiety regarding pain during walking was resolved with improvement of coxalgia on the operated side, which increased the ROM of the hip in the sagittal plane on the nonoperated side.
Differences in evaluation timing may account for these contradictory results. In previous studies, gait after osteotomy has been evaluated at an average of 11-18 months after surgery, including in the Endo et al study. 34, 37, 38 Thus, our evaluation at an average of 7.3 months after surgery was earlier than that in any previous report. In addition, Queen et al 36 observed a limited ROM of hip joint extension during walking in pre-and postoperative gait analyses in THAtreated patients, and suggested that this may have been due to contracture of soft tissue, such as the articular capsule and hip flexors, induced by insufficient long-term use of the affected limb, including the hip joint. In rehabilitation for patients treated with AC osteotomy such as CPO, RAO, and PAO, the duration of nonweight-bearing walking using a Lofstrand crutch and T-shape cane is generally long, prolonging the period before free gait without a walking aid is allowed, and patients refrain from loading a weight on the affected leg as much as possible during this period. The duration of this period was about 4-6 months in this study. Therefore, the time may have been insufficient for improvement of soft tissue contracture around the hip joint and recovery from limited hip joint extension. Since residual limitation of hip joint extension reduces the propulsive force for forward walking, this may have led to insufficient recovery of gait velocity. The increase in the ROM of hip joint flexion during walking from 24.1° before surgery to 27.3° after surgery in our study may have been due to compensation for this limited extension.
Lateral sway of the trunk during walking (Duchenne claudication) is a characteristic of claudication of patients with hip joint disorders. 30, 31 The range of tilting movement of the trunk in the coronal plane during walking was increased before surgery (5.2°), although not significantly compared to the healthy group (3.7°), and it further increased after surgery (5.9°) and showed a significant difference from the healthy group. Reininga et al 43 obtained similar findings in a comparison of trunk movement during walking using a body sensor in patients with osteoarthritis of the hip and healthy subjects. Trunk sway during walking is caused by a compensatory action to reduce pain by increasing coverage of the femoral head and reducing weight bearing on the hip joint by tilting the trunk toward the affected side in the stance phase of the affected side. 31, 44 This compensatory action also induces weakening of the abductor muscle of the hip. 45 Thus, the increased range of tilting movement of the trunk before surgery in our patients may have been due to compensatory movement to reduce pain and a weakened abductor muscle. The slight increase in the range of tilting movement of the trunk after surgery indicates that the procedure did not have a favorable outcome soon after surgery with regard to trunk sway during walking.
Ezoe et al 46 evaluated the strength of muscles of the hip (flexor, extensor, abductor, and adductor) before and after surgery in CPO-treated patients, and found that the strength compared to that before surgery was decreased at 6 months after surgery, but it had increased at 12 months. Since we evaluated gait at an average of 7.3 months after surgery, the strength of the abductor muscle of the hip may not have sufficiently recovered. This time point resulted from specifying the time of analysis as that of progression from cane-assisted gait to independent gait without a cane. The patients used a cane in their daily life until the postoperative evaluation, and thus had adapted to gait motion using a cane. Use of a cane during walking prevents center of gravity sway without breaking the balance, and it reduces load on the affected limb. 47, 48 Since patients who had adapted to cane-assisted gait suddenly had to walk without a cane, they may not have been able to maintain balance to prevent center of gravity sway, which was previously assisted by a cane during walking, and this may have led to trunk sway. Ajemian et al 49 found a reduction of the hip joint abduction moment on the affected side during walking in patients walking with a cane after THA, and Maguire et al 50 observed a reduction of abductor muscle activity on the noncane-assisted side in a study of the hip abductor muscle during use of a cane in stroke patients. Based on these reports, long-term cane-assisted gait may have caused hip abductor muscle dysfunction in our patients. The hip abductor muscle stabilizes the pelvic region in the stance phase of the walking cycle and prevents center of gravity sway during walking. This function may not have recovered soon after surgery, resulting in the increase in trunk sway during walking.
There are several limitations in the study. Firstly, the evaluation time point may have been too early compared to previous gait analyses performed after AC osteotomy. However, there are several advantages in early gait analysis: motor function in ADL after surgery can be evaluated earlier; the influence of long-term cane-assisted gait after surgery on walking motion can be identified; and objective information can be obtained and used as feedback for rehabilitation at an outpatient clinic or at home. Secondly, cane-assisted gait was not analyzed. The patients had to walk without a cane during the measurement, although they had adapted to a cane-assisted gait in daily life. This condition may have influenced independent gait in the measurement, and it may be necessary to investigate the influence of canes on walking motion by analyzing gait with and without a cane. Thirdly, there were only six subjects in the surgical group and all were women, although the matching control group reduced the sex-related bias. This was because we placed priority on the physical and mental conditions of the participants, and thus tried to minimize the burden on patients by performing the gait analysis in wards, although this analysis is normally performed in a laboratory. Gait analysis was performed in the presence of a physical therapist for safety, and the study involved a single operator and measurer to minimize biases in surgery and measurement items. This may compensate for the disadvantage of the small number of subjects. However, clarification of the process of recovery of gait motion after surgery in CPO-treated patients will require the study of more subjects, and with medium-and long-term follow-up.
Conclusion
In conclusion, increases in stride length, gait velocity, and ROM of the hip joint in the sagittal plane during walking were observed as gait characteristics soon after surgery in patients treated with CPO for DDH. These findings suggest early improvement of forward propulsion in gait. In contrast, the range of trunk movement in the coronal plane increased after surgery, suggesting that trunk sway during walking was still in the recovery process.
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